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ABSTRACT

Bitumen in the form of oil blebs from the Magmont West orebody of
the Viburnum Trend was examined and analysed in an attempt to relate
hydrocarbon distribution and origin to ore genesis.

Hydrogen, carbon,

nitrogen, sulfur and oxygen percentages were determined by elemental
analyses.

Trace element composition was determined by emmission

spectroscopy and the composition of the bitumen was calculated with
respect to aromatic hydrocarbons, saturated hydrocarbons and NSO
(nitrogen-sulfur-oxygen) components.

The bitumen and kerogen from

associated shale samples were evaluated by Rock-Eval pyrolysis and
pyrolysis-gas chromatography.

The bitumen was calculated to be approximately 40 to 50 percent
aromatic and is considered to be a polymerized normal crude oil.
Polymerization, which was probably caused by water-washing and mild
biodegradation, caused hardening of the bleb surfaces and appears to
have frozen the blebs during primary migration from the local source
beds.

A comparison of the bitumen to kerogen in local shale beds

confirms that the oil is almost certainly derived locally.

The

polymerized oil blebs are considered to have been derived from an
oxidized type II (marine) kerogen.

iii

Textural analyses indicate that oil migration occurred after
lead-zinc mineralization and at temperatures that exceed normal
ancient or present geothermal gradients.

The following sequence of

events is postulated for the Magmont West orebody.

1. Generation of hydrogen sulfide and methane during diagenesis
of a normal organic-rich carbonate sequence.

2. Introduction of pulses of hot, metal-rich fluids that result
in the following sequence of events:
a.

Lead-zinc mineralization by the following reaction:
Me++ + H2S

b.

=

MeS + 2H+

Solution of carbonates as result of excess acid produced
during above reaction.

c.

Brecciation of the host-rock in some cases.

3. Passage of the pulse resulted in:
a.

Carbonate buffering of system to alkaline conditions.

b.

Precipitation of dolomite.

c.

SIi ght temperature drop.

M . Eventually the high temperatures caused oil generation and
primary migration began.
5.

Water-washing and mild biodegradation altered the blebs to

their present composition.

iv
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I. BACKGROUND AND GEOLOGIC SETTING

A. LOCATION

The Viburnum Trend lies in the Mississippi Valley region of the
central North American craton (Figure 1).

To the immediate east of

the subdistrict are the eroded PreCambrian knobs of the St. Francois
Mountains which form the core of the Ozark Uplift.

Through all of the

Cambrian Period and most of the Ordovician, the mountains were islands
in a shallow epeiric sea.

The first formation to actually bury the

peaks is thought to have been the Roubidoux Formation of Canadian age
(Ken Anderson, personal communication).

Thacker and Anderson (1977)

have presented a summarized geologic history of the area.

B. GEOLOGY

The geology of the area is characterized by a disected and
faulted domal structure superimposed on a complex near-shore
stratigraphy.
area.

Figure 2 shows the basic stratigraphic sequence of the

The individual formations, however, have complex facies

relationships characteristic of a near-shore transition environment.
The geology of the area is shown in figure 3.

Uplift, faulting,

erosion, and dolomitization of the already complex stratigraphy make

2

Figure 1. Map of Southeast Missouri mineral districts,
showing location of the Viburnum Trend in relatioship to
other districts and to Precambrian outcrops (modified after
Wharton, et al, 1975).

3

Figure 2. Generalized stratigraphic section in the Viburnum
Trend area (modified after Wharton, et al, 1975)
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Figure 3. Areal geology of the Viburnum Trend area
(modif ied after Anderson, 1979). Most of the lead-zinc
ores occur in the Bonneterre Formation.
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the area a worthy challenge to the best structural geologists,
stratigraphers and carbonate petrologists.

All of these factors seem

to have controlled ore distribution in one way or another.
Dolomitization in much of the section and area has obscured or at
least confused some of the primary textural and structural evidence.

All of the ore in the Viburnum Trend lies several hundred feet
below the surface, rendering surface geochemical methods useless.
There appears to be little if any geochemical halo around the deposits
(Erickson, et al 1983) that would allow systematic targeting of
deposits by geochemistry alone.

Work by Erickson, et al (1983), using

insoluble residues, shows promise, but whole rock geochemical analysis
gives little clue of distance to ore.

Within the ore deposits

themselves, the metal values may change from high grade ore, to
background in a few inches.

The exact structural and stratigraphic

controls on the ore seem to vary from one part of the trend to
another.

Differences in stratigraphic terminology used by different
workers in the area, has confused the picture even more.

Some of the

terminology differences appear to be due to more than proprietary
causes.

The stratigraphy changes from one mine to another due to

complex facies relationships within the Bonneterre Formation, the

9

Figure *4. Stratigraphic correlation of Bonneterre Formation
facies nomenclature (from Wharton, et a l , 1975).
Differences in exploration strategy, secrecy between
companies and differences between facies relationships in
the different mines resulted in a different nomenclature
within each company.
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primary host-rock in the area (Wharton, et a l , 1975).

Without close

communication between companies, correlation of the facies changes is
difficult, if not impossible.
shown in Figure 4.

A correlation chart for the trend is

Some units present in one part of the trend are

not present in other parts, or at least not recognized as being the
same.

Many of the differences, however, are the result of differences

in exploration strategy and genetic models of the respective companies
involved.

C. THE MAGMONT WEST OREBODY

Most of the present work was confined to the Magmont West
orebody, near Bixby, Missouri.

This orebody is the western satelite

orebody of the Magmont mine, operated by Cominco American,
Incorporated.

Its workings are connected to the central orebody by a

two mile underground haulageway (figure 5).

Development of this

orebody began in 1980, and the first ore was hauled in 1983.

One

portion of the orebody was found to contain relatively abundant
bitumen occurrences.

In the winter of 1983-1984 the author made two

trips to the mine to collect specimens, and observe the field
relationships of the bitumen to ore and gangue minerals.

12

Figure 5. Map of the Magmont mine. The west orebody is
connected to the rest of the mine by a two mile drift (map
courtesy of Cominco American, Inc.)
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Hagni and TTancynger (1977) present an excellent summary of the
mineralogy, structure and paragenesis of the central orebody.
paragenesis appears to be the same for the western orebody.

The
The

portion of the orebody visited, was relatively high in iron sulfides,
and consisted of a breccia body underlying the False Davis, a shale
bed equivalent to the Sullivan Siltstone Member of the Bonneterre
Formation.

The dolomite clasts are dark gray, with darker organic

rich zones and occasional shale partings.

Much of the overlying shale

and silt has filled in around the clasts and been recemented,
apparently by dolomitization.

D. SOME DEFINITIONS

Diagenesis, as defined here, starts shortly after sedimentation,
when reducing conditions are established in the pore fluids.

During

diagenesis the sediments become consolidated and microbial action
converts biopolymers from organic detritus and humic acids into
geopolymers (kerogen).

Decarboxylation and polycondensation of the

organic material are the two main chemical changes that result in the
formation of kerogen during diagenesis.

Diagenesis normally ends when

these two processes near completion (Tissot and Welte, 1978, pp.
69-71 ).

15

Catagenesis, as defined here, is characterized by thermal
cracking of the kerogen into two fractions; a hydrocarbon fraction and
a polycondensed residue with few aliphatic chains.
stage of oil and wet gas formation.

This is the major

During catagenesis there is

little change to the mineral fraction except the clays.

Catagenesis

continues until the residue kerogen contains no appreciable aliphatic
hydrocarbon chains or until temperature increase results in only
methane generation (Tissot and Welte, 1978, pp. 71-72).

Primary migration, as used here is movement of oil out of the
source-rock (Tissot an Welte, 1978).
is little understood.

The process of primary migration

It is not known what processes force the

generated oil from the source rock and allow it to begin secondary
migration toward a reservoir.

Barker (1979), Tissot and Welte (1978),

and Hunt (1979) all present discussions of the theories proposed for
primary migration.

Secondary migration is the movement of the oil from the source rock
towards a reservoir (Tissot and Welte, 1978).

The path of secondary

migration may lie along open fractures, bedding planes or permeable
rock units.

The bouyancy of oil in water is thought to be the major

16

control in secondary migration, causing the oil to travel down the
pressure gradient (usually a net upward movement) to a region of lower
pressure.

Secondary migration begins when the oil is released from

the source rock, and terminates when the oil finally becomes trapped
or released to the ground surface (Tissot and Welte, 1978).

Water washing results from the comingling of the oil with fresh
water.

When this occurs, the lighter alkane fraction of the oil is

preferentially removed.

The result is that the oil becomes denser

(higher specific gravity), lower aliphatic character, and more
viscous.

Removal of the lower alkanes results in a higher

concentration of aromatic compounds and nitrogen-sulfur-oxygen
compounds (NSO compounds).

The fresh water environment may also

encourage bacterial biodegradation of the oil as well.

Biodegradation of an oil is the result of bacterial or fungal
attack upon the oil.
found in oil.

Many bacteria and fungi can utilize compounds

The extent to which the oil is changed depends upon the

intensity of the attack and the nature of the microbes attacking the
oil.

Generally, the normal alkanes will be used first and the effect

is that the oil is depleted in these compounds.
result in a large increase in oxygen content.

Aerobic attack may
Anaerobic attack

usually lowers the hydrogen to carbon ratio and results in

17

cyclization and aromatization of some of the aliphatic chains.
Intense microbial attack may also add metabolic products of the
microbes to the oil and thereby increase its nitrogen, sulfur and
oxygen content.

The overall effect of biodegradation is an increase

in specific gravity, lower aliphatic character, and greater
viscosity.

The effects of water washing and biodegradation are

similar and difficult to separate (Tissot and Welte, 1978; Barker,
1979; Hunt, 1979).

18

II. LITERATURE REVIEW

The close association between ore and organic material in this
and other Mississippi Valley-type ore deposits suggests a genetic
relationship.

The organic material may have acted directly or

indirectly upon the ore fluids (Winslow, 189M; Siebenthal, 1915;
Bastin, 1926; Ohle, 1959 and 1980; Skinner, 1967; Barton, 1967;
Barnes, 1983).

Following is a discussion of some of the models.

A. THE BIOGENIC MODEL OF ORE DEPOSITION

As early as 1915, Siebenthal proposed a biogenic origin for the
zinc-lead deposits of the Tfi-state district of Oklahoma, Kansas and
Missouri.

In 1926, Bastin proposed that the lead-zinc deposits of

Missouri were caused by bacterial reduction of sulfate, resulting in
the formation of hydrogen sulfide, which precipitated the metals from
solution.

Citing the presence of sulfate-reducing bacteria in deep

oil wells from the Illinois Basin and from the Coalinga and Midway
fields of California, he noted that these waters were rich in hydrogen
sulfide, and low in sulfate.

He deduced that, because the same kind

of waters were present in the Tfi-State district of Missouri, Kansas,
and Oklahoma, the bacteria could exist in them and were responsible
for the deposits.

19

At that time, the biogenic theory of origin was already gaining
support for the Kupferschiefer (copper-shale) deposits of Germany.
Bastin also cited the presence of bacteria in Dutch canals and
groundwater, in the Black Sea, and on the ocean bottom, linking the
presence of the sulfate-reducing bacteria to the hydrogen sulfide
found in those waters.
which the bacteria fed.

Oil, in his model, provided a substrate on
He, therefore, noted the association of the

deposits with nearby oil fields, and the presence of ore in
stratigraphic and structural traps.

Bastin calls on mixing of

"stagnant” anoxic waters with typical sulfate rich groundwater to be
the method of producing sulfide for ore deposition.

Skinner (1967) offered the biogenic model as one of several
possibilities, given the association of the deposits with
hydrocarbons.

Citing the work done by Bastin (1926), Skinner defended

it as, "Probably still the best suggestion.”

Price, Kyle, and Vtessel (1982) proposed a biogenic model of
deposition, for the Hockley Dome lead-zinc deposits in Harris County,
Texas.

The sulfides there, fill fractures in both the limestone and

anhydrite caprock of a salt dome, and the surrounding host rock.

They

showed that the processes involved in the conversion of anhydrite to
limestone, previously demonstrated to be biogenic (Feely and Kulp,
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1957), were responsible for the reduction of metals in brines around
the salt plug.

They relate the processes at Hockley dome to processes

thought to be involved in normal Mississippi Valley-type deposits and
state that a biogenic model may be a viable one for all Mississippi
Valley-type deposits.

Subsequent papers on Salt Dome-related sulfides

have presented supporting evidence for the model (Ulrich, Kyle and
Price, 1983; Price and Kyle, 1983).

Jensen and Dessau (1967) present sulfur-isotope evidence for a
biogenic origin of Mississippi Valley-type deposits.

The association

of ore with organic materials and bioherm structures supports their
argument.

The sulfur-isotope data alone is stongly suggestive of a

biogenic process.

They cite work done by several others to

demonstrate the ability of the bacteria to produce copious amounts of
hydrogen sulfide.

They show that bacterial sulfate reduction may

result in a wide range of sulfur isotope fractionation, dependent upon
the growth rate of the bacteria.

Jensen and Dessau (ibid, p.*402) make

the statement,

"It is difficult to imagine that sedimentary sulfides are
formed by any other process than by biogenic H 2 S reacting
with a metal to form both syngenetic and epigenetic
sedimentary sulfides. In fact, bacteriogenic reduction of
sulfate to H 2 S is most likely the only mechanism of
sulfate reduction in nature at temperatures of a few
hundred degrees centigrade or less."
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They concede that the high temperatures in most Mississippi
Valley-type deposits seem to preclude biogenesis, but they point out
some arguments to get around the high temperature problem.

One

argument is the theory that, under pressures high enough to prevent
boiling, the limits of bacterial viability may rise and actually
exceed the normal boiling point of 100 degrees centigrade.

Another

argument is that bacterial sulfate reduction may not have occurred at
the site of ore deposition, but that hydrogen sulfide migrated some
distance before reacting with the hot metal-bearing fluids.

The temperature argument seems to be the most prevalent argument
against the biogenic model.

Recent discoveries of extreme obligate

thermophiles (bacteria requiring extremely high temperatures for
viability) in deep sea hydrothermal vents (Baross, Li 1ley and Gordon,
1962), however, may eliminate this argument.

In a later article,

Baross and Deming (1983) document bacteria from these vents with
optimum growth temperature of 250 degrees centigrade at 265
atmospheres.

While the presence of sulfate reducers at those

temperatures has yet to be proven, the deep sea vents cited release
tremendous amounts of hydrogen sulfide.

This may indicate the

presence of sulfate reducers at depth within the vent systems.
(1957) documented a strain of thermophillic

(heat loving)

sulfate-reducing bacteria that were viable and produced hydrogen

ZoBell
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sulfide, at 10*4 degrees centigrade, at 1000 atmospheres. Stetter
(1962) documents an extremely thermophillic sulfur reducing bacterium
whose optimum growth rate occurs at 105 degrees centigrade and only
two atmospheres.

The bacteria documented by Baross and Deming (1983)

have a growth optimum of 100 degrees centigrade at one atmosphere.

Some workers doubt the extremes documented by Baross and Deming,
pointing to the instability of the requisite organic molecules at high
temperatures and their decreasing stability with increasing pressure
(Stetter, personal communication).

However, it must be noted that

many of the other limits of viability have been recently extended,
such as extremes of salinity, pH, and heavy metal content, especially
among the archaebacteria (Wbese 1981, Walsby 1980, Grant and Tindall
1980).

This is due in part to differences in biochemistry that

provide mechanisms that "protect** the molecules.

It is conceivable

that there could be thermal protection mechanisms as well (Watterson,
Updegraff, personal communication).

B. ASSOCIATION WITH HYDROCARBONS

From Winslow (189*4) forward, the literature is replete with
references to the association of Mississippi Valley-type ore deposits
with hydrocarbon materials.

Many descriptive articles on individual
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deposits or districts mention the close association of ore with
bitumen, oil, or organic rich shales.

Several of the more important

ones are cited below.

Winslow (1894) credits organic material with reduction of the
metals in the Joplin Tri-State district.

He does not offer an

explanation of how such a reduction takes place but merely states that
organic materials are often responsible for such reduction of metals.

Siebenthal (1915) and Bastin (1926) also cite the proximity of
sulfide mineralization in the Joplin-Tri-State district, to
accumulations of hydrocarbons.

They both draw the conclusion that

sulfate reducing bacteria used the hydrocarbons as a substrate, and
produced hydrogen sulfide which, in turn, precipitated the base metal
sulfides.

Others, such as Barton (1967) and Skinner (1967) draw upon the
thermal oxidation of hydrocarbons by sulfate to produce hydrogen
sulfide abiotically.

Skinner (1967), in the discussion following his

paper, states that bacteria may have been involved.

2*4

Jensen and Dessau (1967) proposed that sulfate-reducing bacteria
fed on the hydrocarbons and produced hydrogen sulfide and bisulfide
ion.

According to ZoBell

(1957), Postgate (1979) and Feely and Kulp

(1957), sulfate reducing bacteria are capable of utilizing hydrocarbon
compounds found in petroleum.

The ubiquity of hydrocarbon in Mississippi Valley-type deposits
was discussed by Ohle (1980).

He proposed that the interaction of

metal-rich brines with sulfide-rich hydrocarbons at Pine Point, in
North West Territories, Canada, is a possible "type" mechanism for all
Mississippi Valley-type deposits.

Roedder (1967 and 1972) cited the presence of hydrocarbon
materials in fluid inclusions from Mississippi Valley-type deposits.
This material may occur as immiscible yellow liquid, as free floating
solid phases, or selectively coating certain walls of the inclusion.
Roedder (1967) also stated that some inclusions, in flourite from
Southern Illinois, were totally filled with hydrocarbons.

Rickman (1981 ) attributed the brown color of the wbrown-rock”
facies in the Viburnum trend to oil residues between the dolomite
grains.

The brown-rock appears to affect the localization of most or

all of the deposits occuring in the Viburnum IV'end.
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Examination of rock specimens from any of the mines in the
Viburnum Trend reveals evidence of hydrocarbon even now.

Samples from

the Ozark Lead Company mine contain large blebs of bitumen (Clarke
Niewendorp, personal communication).

While several workers have shown that sulfate reducing bacteria
can metabolize hydrocarbons (Feely and Kulp, 1957; Jensen and Dessau,
1967), efficiency is not as great as when they metabolize the original
organic material from which the hydrocarbon was generated (Postgate,
1979) (Tissot and Welte, 1979) (Hunt, 1981).

The fact that the

Viburnum Trend was probably never buried beyond 1000 meters (3000
feet) precludes the pre-ore onset of oil generation (catagenesis).
Based on kerogen color index, Robert Smith and Jay G~egg of St. Joe
Minerals, state that

the kerogen in the Bonneterre Formation is too

immature to have produced much, if any oil (personal communication).

Heating of the rocks by the ore fluids is well documented by the
study of fluid inclusions.

Leach et al (198*4), Rowan et al (198*4),

and Viets et al (198*4) indicate that the whole Ozark region was heated
far above the temperatures expected from normal geothermal gradients.
These temperatures, greater than 120 degrees centigrade in some places
(Leach, personal communication), lie comfortably within the oil
generation window of Tissot and Welte (1978).
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C. ASSOCIATION WITH STRUCTURAL AND STRATIGRAPHIC TRAPS

Winslow (189*4) cites the apparent structural control on ore
deposition in the Joplin district.

He relates structure to

accummulation of hydrocarbons in traps which provided reduction sites
for the base metals.

Ohle (1959) states that in many of the

districts, ore seems to have a definite correlation with positive
primary and secondary structures.

He also states that, while the ore

seems to prefer certain beds in each district, the ore is not
exclusively restricted to those beds.

In a later article, Ohle (1980)

observes that in several districts, there is a strong tendency for ore
to occur along lines of facies changes, such as from reef to off-reef,
shelf dolomite to basin limestone, or carbonate to shale.

He states

that, due to changes in porosity and permeability, these features may
have served as traps of some sort.

Heyl

(1982) also relates the occurence of ore to primary and

secondary structure, stating that, while the deposits seem to be
stratigraphically controlled, they are by no means confined to certain
units.
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Stromatolitic "reef” structures and solutional collapse features
seem to be important ore localizing influences in the Viburnum Trend,
the Old Lead Belt, and the Tri-State district (Wicklein, 1982) (Bastin
1926) (Winslow 189*4) (Ohle 1967 and 1980).

D. STABLE SULFUR ISOTOPE RATIOS

Fractionation of stable sulfur isotopes in oxidation/reduction
(redox) reactions is well established (Levinson 197*4) (Krauskopf 1967)
(Faure 1977).

Due to the relatively large difference in mass between

sulfur 32 and sulfur 3*4, the two isotopes seem to be very sensitive to
kinetic differentiation in redox reactions.

This differentiation

seems to be even more pronounced during the bacterial reduction of
sulfate to hydrogen sulfide (Postgate 1979) (Feely and Kulp 1957)
(Jensen and Dessau 1967).

Jensen and Dessau (1967) present

sulfur-isotope data for Mississippi Valley-type deposits.

They show

that appreciable variation exists in individual districts and
deposits.

They compare the sulfur isotope ratios for Mississippi

Valley-type sulfides with those of common seawater, sulfate minerals
and hydrothermal sulfides.

Hydrothermal deposits have sulfur isotope

ratios close to the ratio for the Canon Diablo meteorite, which is
accepted as the standard ratio.
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Values of the sulfur isotope ratios for a wide ranee of deposits
are given by Jensen and Dessau (1967), Feely and Kulp (1957), Faure
(1977), Ohmoto and Rye (1979), and Fairbridge (1972).

Mississippi

Valley-type deposits vary significantly in their sulfur isotope
ratios.

In fact, Sverjensky, Rye, and Doe (1979) have shown a large

variation within a single mine (the Buick Mine of the Viburnum
Trend).

According to Jensen and Dessau (1967), this type of variation

in one deposit would not be expected under purely "hydrothermal”
processes, but is typical of biogenically produced hydrogen sulfide.
Ohmoto and Rye (1979) disagree.

They show that it is possible to

produce large variations in sulfur isotope fractionation in the lab
without bacteria.

The graphs of sulfur isotope values in their paper,

however, does show a wider field than for any other types of deposits
shown.

E. STABLE CARBON ISOTOPE RATIOS

At present there is a scarcity of carbon isotope data on the
Viburnum Trend hostrocks. A GEOREF search performed in May 1983 using
the keywords CARBON ISOTOPE, BROWN ROCK, WHITE ROCK, and VIBURNUM
TREND, revealed no published works.

Correspondence with Erickson

(1983) and personal communication with Viets and Leach (1983),
revealed that Rye of Yale has performed carbon and oxygen isotope
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analyses on the same traverse of holes on which Veits, et al (1983)
published geochemical data.
available.

As of this writing that data is not

Because it is keyed to lithology and geochemistry, it

should prove helpful in determining the diagenetic history of the
rocks in the area.

Feely and Kulp (1957) proposed a biogenic origin for the calcite
of salt-dome caprocks based upon the relative carbon isotopic ratios
of the petroleum and calcite and the sulfur isotope ratios of the
anhydrite, sulfur and sulfide of the caprocks.

It would be

interesting to see a comparison of the carbon isotopic ratios between
the whiterock, brownrock carbonate fraction, brownrock organic
fraction, and the other facies in the Viburnum Trend.

G. POSSIBLE SULFATE SOURCES

Both the biogenic and abiotic sulfate reduction models require a
readily available source of sulfate.

Barton's model (1967) uses

hydrocarbon oxidation to reduce sulfate, without the catalysing effect
of bacteria.

While this reaction is thermodynamically possible, it

appears to be kinetically inhibited below temperatures of several
hundred degrees centigrade (Jensen and Dessau, 1967).
sulfate must be present in solid or aquaeous form.

In either case,
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Seawater is known to be relatively high in sulfate ion, and may
serve as a source of sulfate for bacterial sulfate reduction
(Postgate, 1979) (Tissot and Welte, 1979) (Carpenter, 1978).

The ability of sulfate reducing bacteria to decimate large
amounts of anhydrite is graphically illustrated in the average salt
dome caprock.

Large volumes of anhydrite are completely replaced by

calcite as a result of the process (Feely and Kulp, 1957).

According

to Feely and Kulp (1957), this process may proceed at geologically
rapid rates, enough to form large caprock limestone deposits in less
than one million years.

Some features in the Viburnum Trend suggest past presence of
evaporitic minerals, but no evaporite deposits are now known
(Gerdemann and Myers, 1972 and personal communication).

Given the

long period of time between deposition of the Bonneterre Formation and
the present, little if any anhydrite, gypsum or halite could have
survived the processes of sulfate reduction and or dissolution by
meteoric waters (Gerdemann and Myers, 1972; Beales and Hardy, 1977).

Beales and Hardy (1977) report gypsum grains from whiterock
samples in Southeastern Missouri.

They claim that the grains were

residues from acid leaching of tight samples that had little or no
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effective permeability.

Therefore they conclude that the gypsum was

not introduced into the rock after fresh-water invasion.

They concede

that the gypsum may be other than original evaporitic material.

Veits

doubts that they are original, and claims that he has produced similar
crystals as artifacts of the acid dissolution of carbonates containing
small amounts of sulfide and no original gypsum or anhydrite (1983,
personal communication).

The whiterock's geometric relationship to

the "reef" and the structures that are still apparent in the whiterock
indicate that it may have been a favorable environment for
accumulation of evaporites (Beales and Hardy, 1977; Grundmann, 1977;
Gerdemann and Myers, 1972; Lyle, 1977).

The pattern of dolomitization

in the Bonneterre Formation is also suggestive of a sabkha-reflux
process.

G. TIMING OF ORE DEPOSITION

Conventional methods of isotope dating have been relatively
fruitless in these deposits due to anomalous lead isotope ratios, but
other methods may shed some light on their age.

Glauconite

potassium-strontium resetting appears to have occurred during Devonian
or Early Carboniferrous (Posey, et a l , 1983).

Based on a general

increase in fluid inclusion temperatures and coal rank to the south,
Leach et al (198*4) have inferred that the source of the hot brines
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was the Ouachita Mountains orogeny.

The orogeny that formed these

mountains occurred during Pennsylvanian or Permian (Spencer, 1962).
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III. METHODS OF INVESTIGATION

Approximately six grams of bitumen material was isolated manually
from samples collected in two trips to the Magmont-west mine.
additional two grams was collected by Cominco geologists.

An

All samples

were scrutinized under a binocular microscope for evidence of
paragenetic and textural relationships before isolation of the bitumen
blebs.
adhered.

The blebs were manually picked from the surfaces to which they
They were then examined under a binocular microscope for

attached mineral grains.
grains.

Any mineral matter was scraped from the

Those blebs with no entrained mineral grains were then

separated out for analysis.

Those having attached mineral matter were

washed in hydrochloric and hydrofluoric acids until all evidence of
mineral matter disappeared.

Several blebs were broken open and the interiors examined for
evidence of internal sulfide minerals.

Three were prepared for

polished sections, only one of which was usable.
unusable due to softening of the bleb by the

The other two were

p o lis h in g

oil.

This

polished section was then sliced to prepare a slab of the material
approximately one half centimeter square and one millimeter thick for
ESCA (Electron spectroscopy for chemical analysis) analysis.
also examined for evidence of internal sulfides.

It was
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Total carbon and hydrogen in the bitumen were determined on a
Perkin Elmer model 240 elemental analyser using about 25 milligrams of
bitumen sample composited from several blebs.

The method consists of

a high temperature oxidation of the material over a catalyst.

The

carbon is completely oxidized to carbon dioxide and the hydrogen is
completely oxidized to water.
differential conductivity cell.

The products are then measured in a
Nitrogen was analysed on a Carlo Erba

model 1400 nitrogen analyser using another 25 milligrams of bitumen
sample composited from several blebs.
for carbon and hydrogen.

The method is similar to that

The nitrogen is oxidized at high temperature

over a catalyst and the product oxides are measured in a differential
conductivity cell.
(1979).

Both methods are outlined by Ma and Ritner

Instrumental error in the hydrogen, carbon and nitrogen

analyses amounts to about 0.1 weight percent.

If the samples

contained significant metal sulfide content, the indicated readings
would be less than the actual content.

They were analysed by

Galbraith Laboratories, of Knoxville, Tennessee.

Total sulfur in the bitumen and a sample of shale was determined
by the Leco combustion method.

Approximately 25 milligrams of sample

was used each for the shale and bitumen.
composited from several blebs.

The bitumen sample was

This method is described in American

Society for Testing and Materials standard ASTM D4239-83 (1983).

It
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consists of a high temperature oxidation of the sample in a tube
furnace.

The product gasses are desicated, filtered and pumped

through an infared detector to measure sulfur dioxide.
error is about 0.1 percent.
erroneously high readings.

Instrumental

Presence of metal sulfides will result in
This work was done by Joel Leventhal of

the United States Geological Survey, Denver, Colorado.

Elemental oxygen analyses are generally foregone when doing
organic elemental analyses on coal and oil samples and products.

The

difference between total mass and the other analyses is assumed to be
oxygen.

This seemed too unreliable for the current study.

Oxygen

determination was made by neutron activation analysis.

A sample is

irradiated by a neutron beam in the core of a reactor.

It is then

rapidly shuttled to a counter where decay of the bombardment product,
Nitrogen 16 is measured on a gamma ray spectrometer.

The method

involves counting of gamma radiation very soon after irradiation, and
therefore requires a reactor facility with the proper handling
equipment to shuttle the irradiated sample rapidly to a counting
chamber.

Such a facility was found at the Center for Thace

Characterization, at Texas M M University, in College Station Texas.
About two grams of sample was irradiated for this method.

Five

replicate determinations were made and standard error determined from
the analyses.
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An ESCA (Electron Spectroscopy for Chemical Analysis) scan of a
sectioned bleb was done on the ESCA unit in the Materials Research
Center at University of Missouri-Rolla.

The method involves

bombardment of the sample with an electron beam, which causes
electrons of to be "backscattered".

These electrons differ in energy

level depending on the type of atom they come from and which orbital
in the atom they left.

A detector measures the energy spectrum of the

electrons and constructs a spectral chart.

The elemental composition

of the sample can then be determined from the peaks in the chart.
Instrumental error is approximately one weight percent.

Several blebs from both th<^ Magmont-west orebody, and The Ozark
Lead mine were subjected to a wet ashing method.

This involved

digestion of the material in a one-to-three mixture of perchloric and
sulfuric acids.

After complete oxidation of the organic material,

indicated by clearing of the liquid, it was evaporated to dryness.
The residue was redissolved in 10 milliliters of concentrated nitric
acid, and then diluted to 25 milliliters.

This solution was then

analysed for molybdenum by atomic absorption to check for high
molybdenum content indicated by the ESCA scan.
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One bleb was analyzed by emission spectroscopy to determine trace
element and base metal composition.

This was done on the 1.5 meter

spectograph at the Division of Geology and Land Survey, Rolla,
Missouri.

Rock-Eval pyrolysis (Tissot and Welte, 1978; Leventhal, 1982) was
performed on a sample of the bitumen and a sample of the black shale
from the deposit.

The method consists of heating the sample under an

inert atmosphere, through a programmed temperature range.

Product

gasses are detected by a flame ionization detector (peaks S-| and
52 ) and a thermal conductivity cell

(peak S3 ).

The first peak

(Si ) comes at the beginning of the analysis cycle and represents
those hydrocarbons that have already been generated and are easily
volatilized at low temperature.

A second peak (S2 ) appears later

during the programmed temperature increase.

This peak represents

those hydrocarbons that can be generated by decarboxylation of the
remaining organic material.

The third peak (S3 ) represents the

carbon dioxide and water liberated during the temperature increase (as
a result of decarboxylation) and trapped for later analysis.

The

hydrogen index is equal to the milligrams of hydrocarbon per gram of
organic material

(from peak S2 ).

The oxygen index (01) is equal to

the milligrams of carbon dioxide per gram of organic carbon (from peak

53) .
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The maximum temperature reached before decrease of the S2 peak
to background is called Tmax anc* allows comparison of maturation
between samples.

Possible errors in the Rock-Eval pyrolysis are the

result of incomplete determination of pyrolysis products by the
detectors used in the method.
detect H 2 , H 2 O, and CO.

Flame ionization detectors do not

This is only a semiquantitative method.

The Rock-Eval pyrolysis was done by Joel Leventhal (United States
Geological Survey, Denver, Colorado).

Pyrolysis-gas chromatography, as described by Leventhal

(1976,

1981) and Giraud (1970) was performed on bleb and shale samples.

In

this method, a sample is heated slowly through a specific temperature
range.

At selected temperatures, a sample of the gas given off is

analysed by gas chromatography for normal alkane content (or any other
types of compounds).

The resulting chromatogram gives a qualitative

indication of the types of molecules that have been polymerized into
the bitumen material observed.

The chromatograms for the shale and

the blebs were compared for correlation.
by Joel Leventhal

This analysis was performed

(United States Geological Survey, Denver, Colorado).
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IV. OBSERVATIONS ON SAMPLES FROM THE MAGMONT-WEST MINE

Samples were scrutinized under a binocular microscope for
features relevant to paragenetic relationships between the bitumen
blebs and ore plus gangue minerals.

Because they were found resting on all of the sulfide minerals,
bitumen blebs are interpretted to have formed later than all of the
observed sulfide minerals.
filled with dickite.
accumulation.

One vug, observed in the mine was partly

A bleb was found suspended within the dickite

This bleb was not attached to the walls of the vug.

It

appeared to have settled to the bottom of the vug on top of dickite
which suggests that the bleb migrated during or after dickite
deposition.

In another specimen, shown in figure 6 , a small bleb was found
completely enclosed in a calcite crystal, which indicates that the
bleb moved during the same period of time in which the calcite grew.
Confirmation of this was given by a specimen shown to the author by
Clarke Niewendorp (former geologist at the Ozark Lead mine) which had
two blebs inside a relatively clear calcite crystal.

While most of the blebs were found resting against the ceilings
of the cavities, many were found resting on the floors or side walls

MO

Figure 6 . A bleb found enclosed in a calcite crystal. This
relationship indicates that the bitumen was migrating at the time
that calcite was being deposited.
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of the vugs.

Some of these were attached to a supply "streamer"

within the cavity, but others (such as the bleb suspended in dickite,
mentioned above) were not.

While cleaning the blebs, it was found

that they were slightly denser than distilled water, but not as dense
as dilute acid solutions.

This fact helped explain the occurrence of

blebs resting on the lower cavity surfaces.

The specific gravity of

the blebs had apparently increased through time with respect to the
fluid that filled the cavities in the host rock.

Crude oil is

normally lighter than fresh water, and therefore lighter than a brine
solution.

This suggests that water washing removed the lighter

fraction of the oil and the specific gravity rose.

As the formation

waters became fresher, they decreased in specific gravity.

At some

point in time the blebs became heavier than the formation waters and
started to sink instead of float.

Many of the blebs are broken bubbles.

The straight clean breaks

in some of the bubbles indicate that the ouuer material was very stiff
when it broke (see figures 7, 8 and 9).

In many cases, the bubbles

appear to have been filled with a gas phase.

The inside walls of

those bubbles are smooth and there are no attached streamers of
material within the bubble.

In other cases, such as in figures 9, and

10, the outer hard shell broke to release a liquid filling.

In figure

9 the liquid material that emerged from the bubble was solidified
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Figure 7. These blebs are fractured bubbles. The shells have the
relative dimensions of an eggshell, and the fractures are clean,
straight breaks. The interior surfaces are smooth and free of
streamers. The shells were evidently gas-filled and were stiff
at the time they broke open. The center bubble is approximately
one millimeter across.

M3

Figure 8. Another group of bubbles from the sample in Figure 7.
The larger bubble shows the relative shell thickness. The larger
bleb is about one millimeter across.

Figure 9. This bleb broke its hard outer shell and released its
inner liquid phase. The liquid phase solidified before it was
able to move far. The top of the picture is up. The total
length of the bleb is about 5 millimeters.

Figure 10. This bleb was also a bubble that broke. Its shell was
not as hard when it broke and it may have released a liquid
phase. Note the streamers at the top of the bleb. They
evidently hardened before surface tension could draw them back
into the bleb. The streamer in the background had enough time to
curl over on itself. The bleb is about 3 millimeters across.
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before it could detach from the shell.

The bleb in figure 10 has what

appears to be streamers of material left after the detachment of a
mobile liquid phase that emerged from within the bubble.

The shell of

this bubble was apparently not as stiff as some others when it broke.
The solidification of the streamers depicted in figure 10 and the
fluid phase in figure 9, indicate that the process of solidification
was rapid.

Examination of fresh fracture faces on the blebs revealed no
evidence of internal sulfides.

Some blebs had sulfide grains at the

exterior surface, but these all appeared to be grains entrained onto
the bleb while it moved.

The blebs were found to be insoluble in acetone, carbon
tetrachloride, pyridine, xylene, benzene or methanol.

While polishing

one of the blebs, it appeared to soften under the influence of the
cooling oil.
the oil.

This bleb may have been soft inside before contact with

There was a difference in hardness among blebs.

brittle, while some could be indented with a fingernail.

Most were
No attempt

was made to measure Vickers microhardness since it is likely that the
potting plastic and the lubricating oil changed the hardness.

m

It is possible that the blebs are soluble in heavier
hydrocarbons, or solvents of that sort.

Blebs left in Stoddards

solvent over several months peeled on exposed surfaces, much like old
paint peeling from a weathered wooden surface.

Even a freshly

fractured surface showed evidence of peeling, though not nearly as
pronounced as on original bleb surfaces.

The inner surface, below the

rind was found to be softer and more elastic than before immersion in
Stoddards solvent.

A dull needle probe indented the bleb surface

without piercing it, but the indentation healed almost imediately upon
release of pressure.
plasticizer.

Apparently, the solvent acted like a

It softened and swelled the bitumen slightly, more so on

the interior of the bleb than on the exterior.

This is shown by the

concave outer surfaces of the peeled rind on the bleb.

Digestion of the blebs in a mixture of three-to-one sulfuric and
perchloric acids showed vigorous effervescence.

The mixture slowly

decolorized from black through reddish brown, then yellow, and finally
clear over several hours of mild heating.

It would be interesting to

take samples at different color stages, and analyse them by gas
chromatography to determine what compounds were liberated from the
bitumen by this digestion.

When ignited with a match or bunsen burner, the blebs maintained
combustion on their own until extinguished or until a black char was
left.

When ashed at 550 degrees centigrade there was no observable

char.

When a burning bleb was extinguished in water before it was

consumed, it was found to be soft and tacky afterwards, even when
cooled to room temperature.

It is likely that the heat liberated

during combustion pyrolysed the remainder of the bleb and liberated
the component hydrocarbons from the polymer structure.

Some blebs fluoresced an orange color under ultraviolet light,
and some blebs did not fluoresce at all.

Those that did fluoresce did

so both on exterior surfaces and freshly fractured surfaces.

Those

that did not fluoresce on the outside also did not fluoresce on fresh
fractures.

The significance of this is not understood, but the

observation is recorded for future workers.

This was also found true

of blebs from the Ozark Lead mine, donated by Clarke Niewendorp.

Another significant feature noted in figures 11, 12 and 13, is
the linear arrangement of blebs along the walls of open fractures.
The walls of the fractures were coated with free-growing dolomite
crystals, which indicates that the fractures were open.

Where the

bitumen seeped out, there appears to be a scarcity of dolomite
coating.

The zones of dolomite scarcity correspond well to organic-

Figure 11. Alignment of hydrocarbon blebs along particular layers
in the rock. Also note the coallesced hydrocarbon smears in the
lower section. These smears appear to represent initial
migration of the hydrocarbon up the open fracture. There is a
scarcity of dolomite coating on the layers where hydrocarbons
seeped out into the open fracture. Average bleb size is
approximately one half millimeter.
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Figure 12. Alignment of blebs (bubbles) along certain layers.
The group of blebs to the upper right is the same as enlarged in
figure 7.
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Figure 13. Alignment of blebs along certain layers of the rock.
Note the smear or "flare” of hydrocarbon to the right that had
begun to move up an open fracture zone.
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-rich zones.

In other specimens the bitumen moved up the fracture in

a "flare” (figures 13 and 14) and coated the dolomite crystals on the
walls of the fracture.

This indicates that the bitumen began to move

after the dolomite was deposited.

This feature also illustrates the

beginning of the migration of the bitumen from within the rock.

This

infers that, during the above episode of dolomite growth, portions of
the fracture walls were already wetted with bitumen which prevented
nucleation of dolomite crystals on those particular parts of the wall.

Figure 15 shows a specimen that was broken to reveal the interior
of the rock.

The line down the middle of the photograph is the corner

separating the open fracture surface to the left from the freshly
broken surface to the right.

Note the alignment of the blebs on the

left side with the darker organic-rich zones on the right.

This is

clear evidence that the organic matter in the dolomite served as the
source of the bitumen.

Specimens such as this may hold some valuable

clues to the mechanisms of "primary migration” , or the movement of the
bitumen out of a source rock.

This is probably one of the least

understood processes in the formation of petroleum (Barker, 1979)
(Tissot and Welte, 1983).

If these specimens have, as they appear to,

frozen the process of primary migration in time, they may provide
valuable insights into the mechanisms of this process, at least for
carbonate source rocks.
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Figure 14. This photo shows a smear or "flare” of hydrocarbon
that began to move up the fracture zone from the layer from which
it is seeping. Dolomite rhombs are approximately one half
millimeter across.
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Figure 15. This specimen was broken to reveal the correspondence
of hydrocarbon seep layers with dark organic-rich layers in the
rock. To the left is an o p e n fracture showing the layering of
hydrocarbon seeps. On the right the dark organic-rich layers are
seen to correspond with the rows of blebs on the left. The dark
layer in the right center is about three millimeters thick.
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There appears to have been some decrease in the volume of the
blebs with time.

This is indicated in figures 16 and 17 by the

shrinkage crack around the periphery of the bleb.

This decrease in

volume does not appear to be more than about ten percent, but may
still result in significant differences between the elemental ratios
determined and the original elemental composition of the bitumen.
This loss in volume must be considered when interpreting the results
of the analyses.

If water washing of the bitumen occurred,

it lowered

the hydrogen to carbon ratio by loss of the volatile lower alkanes and
may have increased the sulfur, oxygen and nitrogen percentages.

A seemingly unrelated yet significant feature is the presence of
sulfide chimneys which are composed mainly of pyrite or marcasite.
These are the "stalactitic” structures reported from several of the
mines.

The most spectacular are the pyrite "bars” found during the

development of the Buick mine.

Most authors assumed them to be

stalactites, since they were linear and had a small hole through the
center.

The author has seen similar galena structures that are hollow

tubes, also from the Buick mine.

The "stalactitic" structures

observed in place (by this author) in the Magmont-west orebody grew
upward rather than downward (figure 18).
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Figure 16. This relatively large bleb (about seven centimeters
across) lodged on a galena crystal. A shrinkage crack formed
around the periphery of the bleb. This bleb is on the surface of
the galena crystal and formed later than the galena.

Figure 17. An enlargement of the bleb in figure 16. Note again
the shrinkage crack around the periphery of the bleb.
On the
edges, the bleb is translucent reddish-brown. The sulfide
particles on the surface of the bleb appear to be cleavage
fragments of galena that were entrained onto the surface as the
bleb moved.
Again, this bleb is on the surface of the galena and
formed later than the galena.

Figure 18. Broken chimney. Note the hole at the upper broken end
of the chimney to the left (arrow). The entire chimney segment
is about four centimeters long.
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The occurrence of "hook” shaped chimneys implies that, in some
cases, a fluid from within the rock jetted in a horizontal or even
downward direction, rose along a bouyant trajectory and built a
chimney as it reacted with the fluid in the cavity.

Several such

structures were terminated by a small cluster of crystals that had
apparrently grown slower than the rest of the crystals on the chimney
(note the hook shaped chimney in figure 19).

Many of these "stalactitic structures are pyrite, not marcasite.
The individual crystals in the chimney show the exterior morphology of
pyrite octahedrons, not the tabular habit of marcasite.

Hagni notes

that colloform structures in the Magmont central orebody progressed
from pyrite to marcasite with time (Hagni and Trancynger, 1977).
indicates increasing acidity as the sulfide deposited.

This

Hagni also

stated that the "stalactitic” structures that he had examined were of
about the same generation as the colliform structures, but slightly
older (personal communication).
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Figure 19. Sulfide chimneys.
These two chimneys are oriented
with their points upward. On the tip of each is a small cluster
of octahedral pyrite crystals. The external morphology of the
sulfide comprising the chimneys is also that of octahedral
pyrite. The length of the upper chimney is about 15 millimeters.
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Figure 20. This bleb was evidently a bubble that broke and
subsequently partially refilled with a liquid phase that also
hardened. The opening is approximatey seven millimeters across.
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V. RESULTS AND DISCUSSION

The results of the elemental analyses of the bitumen are
presented in Table I.
crude oil.

The elemental analysis is similar to that for a

Average crude oils have a hydrogen to carbon ratio of

about 1.8 (Tissot and Welte, 1978), compared to the value of 1.41
determined for this material.

Water washing and/or mild bioderadation

is believed to have decreased the ratio by preferential removal of the
lower normal alkane fraction in these samples.

The normal alkanes

released during pyrolysis-gas chromatography have from 11 to 20
carbons, which indicates loss of the lower alkanes.

Rock-Eval pyrolysis results for the bitumen and shale from the
samples are listed in Table II.

Oxygen to carbon ratios and hydrogen

to carbon ratios calculated for the bitumen from this data, depart
somewhat from the ratios calculated from the elemental analyses.

By

Rock-Eval pyrolysis, the shales appear to contain type III
(terrestial) or oxidized type II (marine) kerogen (see figure 21 ).
Since the rock is now exposed to oxidizing conditions, these data may
not be truly indicative of the original material.

Leventhal (1982)

advises caution in interpretation of Rock-Eval results, especially the
calculation of ratios based on the oxygen and hydrogen indices.

The

problems arise in incomplete detection of pyrolysis products such as
H2 O, H2 , and (X) by the flame ionization detector commonly used in
the method.
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Table I: Elemental analyses

Element

Weight percent

Carbon
Hydrogen
Nitrogen
Oxygen
Sulfur

86.57
10.24
0.36
0.73
1 .51

+
+
±
+
±

0.09
0.01
0.01
0.06
0.13

TOTAL

99.41 + 0.30

moles/1<
7.208
10.16
0.0257
0.0456
0.0471

Shale specimen, organic sulfur 0.65 weight 7.
Elemental ratios of bitumen
H/C
0/C
S/C
N/C

=
=
=
=

1.41
0.00633
0.00653
0.00357
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Table II: Rock-Eval pyrolysis results for bitumen blebs and shale

Sample

%Corganic

bleb 1
bleb 2
shale

61 .9 + 0.1
62.0 + 0.1
0.43 + 0.01

Hydrogen
Index
1059
1057
125

Oxygen Tmax
Index
23
19
109

429
429
438

H/C

0/C
0.1

+ 0.03

1 .7 + 0.1

-

-

0.68 + 0.04

0.7-0.8
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Figure 21. Classification of the various types of source rock in
a Hydrogen Index/Oxygen Index diagram, (modified after Tissot and
Welte, 1978). The position of the dark organic-rich shales from
the sample collection site is shown by on the diagram for
comparison to other source rocks. The organic material appears
to have either a terrestial source or a marine source that has
suffered oxidation.
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An ESCA (electron spectroscopy for chemical analysis) scan showed
a molybdenum content on the order of several atomic percent.
Subsequent atomic absorption analysis of ashed blebs indicated that
the molybdenum concentration was below seven parts per million.
III shows emission spectroscopic analyses of the material.
shows no detectable molybdenum.

Table

It too

It is therefore assumed that the

original indication of molybdenum on the ESCA scan was due to
contamination or some anomalous concentration in that particular bleb.

The textures described above, indicate that the blebs were a
bitumen, or oil, in the process of primary migration.

Primary

migration, as defined by Tissot and Welte (1978) and Barker (1979), is
the process by which the oil leaves the source-rock and begins moving
towards a reservoir.

Alignment of the blebs with organic-rich layers

in the rock indicates that the source of the bitumen is from the rock
itself.

The pyrolysis-gas chromatography data show a predominance of

normal alkanes with from eleven to twenty carbons, and no even or odd
carbon preference.

This range matches the range given by Barker

(1979) for an oil of algal or bacterial origin.

The results of the

pyrolysis-gas chromatography of both the blebs and the shales studied
show a strong correlation, based on the distribution of normal
alkanes.

This correlation between the blebs and the shale supports

the contention that the bitumen is locally derived, rather than
brought in with the ore fluids.
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Table III: Emmission spectroscopic analysis of bitumen bleb

Element
Fe
Mg
Ca
Ti
Mn
Ag
As
Au
B
Ba
Be
Bi
Cd
Co
Cr
Cu
La
Mo
Nb
Ni
Pb
Sb
Sc
Sn
Sr
V

W
Y

Zn
Zr
Th

7.
7.
7.
7.
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm

Result
_

0.02
0.02
0.002
100
0.5
20

7
30

150

1000

+ 0.005
+ 0.005
+ 0.0005
+ 25
+
0.1
+
5
+
1 .5
10
± 25
± 250
-

Detection lii
0.05 7.
0.02 7.
0.005 %
0.002 7.
10 ppm
0.5 ppm
200 ppm
10 ppm
10 ppm
20 ppm
1 ppm
10 ppm
20 ppm
5 ppm
10 ppm
5 ppm
20 ppm
5 ppm
20 ppm
5 ppm
10 ppm
100 ppm
5 ppm
10 ppm
100 ppm
10 ppm
50 ppm
10 ppm
200 ppm
10 ppm
100 ppm
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Paragenetically, the blebs migrated during the calcite growth
stage and later.

The lower temperature and salinity during this

period caused polymerization of the bitumen by water washing and mild
biodegradation.

This is supported by the apparent lack of low end

alkanes in the pyrolysis-gas chromatography data.

The low amount of

oxygen in the material indicates that there was little, if any aerobic
biodegradation.

Rather, it appears that any biodegradation must have

been by anaerobic organisms.

Anaerobic biodegradation, as by the

sulfate reducing bacteria, results in removal of hydrogen, and
subsequent cyclization and aromatization of the aliphatic hydrocarbons
(Hunt, 1979) (Tissot and Welte, 1978).

This type of biodegradation

may have led to the polymerization of the bitumen.

Verification of

this will require further characterization of the structure of the
bitumen.

This author initially thought that the hydrocarbon in the blebs
served as the substrate for sulfate-reducing bacteria.

Upon further

study of diagenetic processes and observation of the material, it is
now apparent that the hydrocarbon material was created some time after
the ore was deposited.

However, presence of the hydrocarbon indicates

a heating of the rock far above the normal geothermal gradient
expected for such a shallow burial.
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As already mentioned, the maximum burial could have only been
about 1000 meters (3000 feet).

World average geothermal gradient is

25 degrees centigrade per kilometer (Tissot and Welte, 1970, p. 260).
Using an average surface temperature of 15.5 degrees centigrade (60
degrees fahrenheit), the temperature at 1000 meters would be only 40.5
degrees centigrade.

Even assuming an extreme gradient of 90 degrees

centigrade per kilometer (Tissot and Welte, 1978, p. 260) would yield
only 105.5 degrees centigrade, barely within the temperature range of
catagenesis (Tissot and Welte, 1978) and observed fluid inclusion
temperatures (Leach et a l , 1984).

Therefore, some event had to cause

the rock to be heated more than a normal geothermal gradient could
effect.

Fluid inclusion homogenization temperature measurements

(Leach et al, 1984) indicate that the entire section in the Ozark
region was heated to temperatures ranging from 100 to 120 degrees
centigrade.

Such a wide spread heating must have lasted for a

geologically significant length of time and likely resulted in
generation of hydrocarbons.

The presence of bitumen indicates that, prior to brine
introduction, the rock was undergoing diagenesis (as defined above).
Diagenesis is necessary to prepare the original organic material for
oil generation (Tissot and Welte, 1978) (Hunt, 1979) (Barker, 1979).
The production of sulfide and dolomitization were major processes
involved in diagenesis.
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The sulfur content of the bitumen is too low for that of an
asphaltic material, but is normal for a carbonate derived (high
sulfur) crude oil.

The relatively high sulfur content of the bitumen

indicates that all of the sulfide at this site was not exhausted when
metal sulfide deposition ceased (Tissot and Welte, 1979).

Part of the

remaining sulfide was incorporated into the bitumen.

Evidence that sulfide came out of the rock is the presence of
sulfide chimneys as shown in figures 18 and 19.
chimneys are "hook" shaped.

Several of the

This indicates that the fluid within the

rock jetted horizontally or downward, and then followed a ballistic
trajectory upward, depositing a sulfide chimney as it reacted with the
fluid about it.

It would be interesting to see if the sulfide

"stalactites” from other mines grew upward, or downward.

It is hard

for this author to visualize true stalactites forming in a water-filled void.

The only conceivable mechanism would involve two fluids

of greatly different density.

It would require that the fluid coming

from within the rock be much heavier than the fluid filling the
cavity.

It is easier to envision that diagenetic pore fluids were

forced from the rock into the cavities by an increase in temperature.
The pore fluid, rich in sulfide, precipitated metals from the solution
within the cavities.

Heyl, et al (1959), suggest a similar model for

formation of sulfide chimneys in the Northern Tristate district.
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An attempt was made to derive an "average” molecular structure
for the bitumen material.

Any such attempt will, by the very nature

of the material, be limited, but may give guidance for future
research.

The first attempt to derive the structure involved

calculation, from the hydrogen carbon ratio, of the relative
proportions of aromatic and aliphatic carbons.

The hydrogen to carbon

ratio (H/C) was below 2.00. so there is some aromaticity to the
material.

H /C = 1.4 1

H = 1.41 * C

C — Cgp + Cp = 1 .0 0

where C^r is aromatic carbons and Cp is aliphatic carbons

H - Har + Hr

where l^r is aromatic hydrogens and Hp is aliphatic hydrogens

= ^ar

anci

Hp = 2 * Cp
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Har + Hr = H = 1.41 * C = 1.41

therefore Cgp + Cp = 1.41

since C^r = 1.00- Cp

then

or Cp = 0.41

1.00 - C p + 2 * C p = 1 . 4 1

and

therefore Hp = 0.82

aromatic fraction is
aliphatic fraction is

C^r = 0.59

and F^r = 0.59

F^r + Cgp = 0.59 + 0.59 = 1.18
F^ + Cp

= 0.41 + 0.82 = 1.23

(49%)
(51%)

The calculations suggests an aromatic fraction of about 49 per
cent and aliphatic fraction of 51 per cent.

Another method employed to estimate the fraction of aromatic to
aliphatic constituents, involved use of the carbon to hydrogen ratio
to calculate the most likely compounds for various homologous series
of aromatic-aliphatic hydrocarbons.
Appendix B.

The calculations are shown in

From the pyrolysis-gas chromatography data is was assumed

that the aliphatic side chains had an average length of about fifteen
carbons.

Those compounds with that chain length were chosen as

possible "average” molecules.
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The weight percent of aromatic and aliphatic components were then
calculated.
aromatic.

They fall in the range from 37 per cent to 52 per cent
This agrees reasonably well with the preceeding

calculations, and allows comparison with known crude oil
calculations.

The nitrogen sulfur and oxygen values were used to

estimate the expected fraction of NSO (nitrogen sulfur and oxygen)
compounds.

The estimated composition is shown on the ternary diagram

in figure 22.

For comparison, the isofrequency contours of 636 crude

oils are also shown (from Tissot and Welte, 1978).

The bitumen has

more aromatic character than most oils, but other than that, the
composition is similar to normal crude oils.

One process that may cause an oil to become more aromatic is
water washing.

When fresh water invades the reservoir (or in this

case the source rock), the water flushes the lighter normal alkanes
out of the oil.

Water washing of an oil lowers the percentage of

aliphatic character, and so lowers the hydrogen to carbon ratio of the
remaining oil.

Therefore, in time, water washing moves any particular

oil towards the aromatic ordinate on the ternary diagram in figure
27.

Biodegradation may also be associated with water washing.

Biodegradation increases the aromaticity of the oil by preferential
removal of the lighter alkanes, and by cyclisation and aromatization
of some of the remaining alkanes (Tissot and Welte, 1978).
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A R O M A T IC
HYDROCARBON

Figure 22. Isofrequency diagram of 636 crude oils (from Tissot
and Welte, 1978). The contours represent that percentage of the
oils that fall within any enclosed 10 by 10 by 10 triangle. The
stipled area represents the estimated composition of the bitumen
material from the Magmont-west orebody. Note that it is near the
field for normal crude oils, but slightly displaced toward the
aromatic hydrocarbon ordinate.
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Also apparent from the calculations in Appendix B, is the
probability that the structure consists of polyaromatic nuclei of
several condensed rings.

This would explain the hardness and

insolubility of the material in even the heavier solvents like
Stoddards solvent.
luster of the blebs.
of the bitumen.

It would also account for the high reflectance and
More work is needed to elucidate the structure

Recommended work includes: x-ray and electron

diffraction, and further pyrolysis-gas chromatography of the branched
and cyclic alkanes, and of the aromatic constituents.

A method that

may give a better ratio of aromatic to aliphatic components would be
oxidation of the aliphatic components by potassium permanganate.
Measurement of the amount of carbon dioxide and water given off during
oxidation would give the number of moles of aliphatic carbon and
hydrogen.
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VI. PROPOSED MODEL

The proposed model for the deposit at Magmont-west is summarized
in figure 23.

The diagram shows three pulses of brine introduction

for diagrammatic purposes.
actually occurred.

More or less than three pulses may have

The diagram merely shows the sequence of events

and cause/effect relationships between them.

The model calls on

normal diagenetic processes to set the stage for deposition of an ore
deposit.

The two most important diagenic processes were bacterial

sulfate reduction and recrystallization of carbonates.

During diagenesis, sulfate-reducing bacteria raised the sulfide
content of the pore waters by reduction of sulfate ion.

At the same

time, the bacteria reworked the organic material into a form suitable
for oil generation.

The bacteria respired carbon dioxide which, in

turn, increased the carbonate content of the water according to the
following formula:

H2O + C02 = H2C03 = H+ + HOO3- = 2H+ + 003=

The solubility of dolomite or calcite is limited by carbonate activity
and pH.

The large excess of carbonate minerals bufferred the system

so that the pH remained relatively constant at this time.

Therefore,

increased carbonate activity lowered the solubility of calcium and

77

Figure 23. The proposed general model for the genesis of a
Mississippi Valley-type deposit like that at Magmont-west.
During diagenesis, sulfide is built up in the pores and
dolomitization occurs. Each pulse of metal-bearing brine (P)
triggers a sequence in which ore is deposited (solid circles),
acid is created and dissolves the host rock (D) causing
brecciation (X). At the end of each cycle there may be some
remobilization of ore (open circles) and eventually dolomite
redeposits (solid squares) as the pH is buffered upward by the
large excess of carbonate in the system. The elevated
temperatures caused by the fluid injection pulses cause
generation and migration of oil. In a shallow system the
temperature and salinity eventually drop, which terminates
catagenesis and causes alteration of the generated oil. For
diagrammatic purposes, three pulses are shown. More or less than
three pulses might have actually occurred in this deposit.
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magnesium in the pore waters, and resulted in the deposition of
calcite or dolomite (dependent upon the calcium to magnesium ratio of
the pore water).

In the organically rich carbonate rock this process

started as soon as anaerobic conditions were established.

The process

continued until one of four events occurred: 1.) temperature rose
above the viability limit of the bacteria, 2.) hydrogen sulfide
content of the water exceeded the toxicity level for the bacteria, 3.)
oxidizing conditions were established in the aquifer, or *4.) sulfate
ion was exhausted.

The resulting carbonate recrystallization isolated the pores and
lowered permeability, and thereby trapped much of the sulfide.

During

diagenesis, temperature increased in accordance with the geothermal
gradient and depth of burial.

The salinity of the water increased and

the composition changed from a magnesium sulfate-type water to a
calcium sodium chloride-type water as described by Carpenter (1978).
The organic material was transformed by removal of functional groups
(defunctionalization), and increase of the hydrogen to carbon ratio
(Tissot and Welte, 1978).

At some point in time, some event resulted in the introduction of
base-metal rich fluids into this diagenetically prepared rock.
Contact of the metal ions (in the introduced fluid) with the sulfide
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(from the diagenetic pore fluid) resulted in base-metal sulfide
precipitation and acid generation by the following equation:

Me++ + H2 S

=

MeS + 2H+

Due to the extremely low solubility of base-metal sulfides in aqueous
systems, the equilibrium was shifted far to the right.

The acid

generated dissolved one mole of carbonate (one mole of calcite or one
half mole of dolomite) for every mole of sulfide reacted.

This opened

the host rock for further deposition and at the same time released
more sulfide from trapped pore fluid.
increased as the pH dropped.

The carbonate activity

If enough carbonate was dissolved,

brecciation took place.

When the metal or the sulfide was exhausted, acid generation
ceased and the system buffered itself back to a neutral or alkaline pH
due to the large excess of carbonate in the host rock.

As the pH

increased dolomite reprecipitated on top of the sulfide minerals.

If

the metal was exhausted before the sulfide, then the system was
reactivated by introduction of additional metal-rich fluid.

Once the

sulfide was exhausted, the system produced no more sulfide mineral.
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If sulfide was still in the pore fluids when additional metalrich fluid was introduced, the system reactivated.

Base-metal

sulfides precipitated, acid was generated, dissolution and brecciation
occured, and the system eventually re-equilibrated and dolomite was
again deposited.

The acid produced at the beginning of each cycle

most likely dissolved the dolomite that was precipitated during the
previous cycle.

Therefore one would not expect to find a dolomite

generation between each sulfide generation in all cases (except
perhaps at some distance from the ore).

A weak mineralizing episode

(low metal content, slow reaction rate) would not have produced as
much acid, and may not have dissolved all of the preceeding dolomite
generation.

The volume of carbonate consumed exceeded the volume of sulfide
minerals precipitated.

Calculations are shown in Appendix A.

The

proportion of the void space created by dissolution that would have
remained after galena deposition would have been 2.11 percent, after
sphalerite 26.58 percent, after chalcopyrite 32.06 percent, after
marcasite 62.1*4 percent and after pyrite 63.12 percent.

If the

introduced fluid was rich in iron, it created a large excess of void
space, particularly if not all of the carbonate redeposited in the
same place from which it was dissolved.
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The introduced fluids raised the temperature of the host rock
into the range of 120 degrees centigrade or higher.

This temperature

was held for a sufficient period of time for oil to be generated and
begin to migrate.

The high organic carbon content of the host rock

was already assumed to be necessary for generation of the large
amounts of sulfide.

This organic matter had already undergone

defunctionalization during diagenesis.

All that remained was that it

be held at an adequately high temperature for a sufficient period of
time.

In the Viburnum Trend, due to the shallow burial, this would

have not happened unless a hot fluid invaded the region.

The rocks

were never buried deeply enough that the normal geothermal gradient
would have raised them to the required temperature for oil generation.

After ore deposition, the excess heat dissipated and temperatures
dropped to the range expected from a more normal geothermal gradient.
As a result, oil generation and migration ceased before the full
hydrocarbon generation potential of the rocks was realized.

In the

case of the Magmont-west orebody, this happened in the early stages of
oil migration.

From the general increase in hydrocarbon, as one moves

south in the trend (Robert Smith, St. Joe Minerals, personal
communication; Bill Clendenin, personal communication), it is likely
that the southern end of the trend was heated for a longer time than
the northern end.
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The generated oil ceased migration due to increased viscosity
when the temperature dropped.

Later, fresh water was introduced and

water washing and biodegradation altered the oil into the hard
material now observed in the Viburnum Trend.

An organic rich sandstone may also undergo the same sequence if
diagenetic processes prepare it adequately.

The major difference

would be that the sulfide minerals would tend to enclose those clastic
grains not dissloved by the generated acid.

Most of the

mineralization would be limited to replacing the carbonate cement
around the grains.

The flexibility built into this model can account for the wide
diversity between various Mississippi Valley type deposits, and is
therefore proposed as a general model.

Some implications of this model follow:

1.

Little if any metal halo should exist around such a
deposit.

Metals dropped from solution only where they

contacted sulfide in solution.

The metal otherwise was

in a soluble form and would have moved on with the
introduced fluids.
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2.

A volume of dolomite equal to at least the present void
space plus ore volume was flushed from the deposits into
surrounding rocks.

Locating this hydrothermal dolomite

may serve as an exploration guide.

This dolomite should

lie downgradient of the ore deposit.

3.

In exploration of a target area, knowledge of the burial
history of the rock and the type of organic material
actually found in the rock indicates whether there have
been anomalous heating events.

Hydrocarbon material

that is too mature for the burial history would
indicates anomalous heating.

Anomalous heating is

considered to have been caused by the introduction of
metal-bearing fluids.

It is also possible that some

small contribution to heating may have been made by the
exothermic base-metal sulfide precipitation reaction.

4.

Introduction of oxidizing conditions before all sulfide
was exhausted may have led to barite deposition.

5.

Metal zoning may only be indicative of temporal
variations in the composition of the ore fluids, not of
some difference in affinity of the various metals for
the source rock or for sulfide.
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VII. CONCLUSIONS.

Results of the study indicate that the bituminous material found
in the Magmont West orebody is a polymerized hydrocarbon residue of
oil generated from local organic material in the Trend.

This oil

appears to have moved only a short distance, and in many samples,
appears to have been trapped in the initial stages of primary
migration.

This event happened at approximately the same time as

calcite and "dickite” were deposited, a time of lower temperature and
salinity than that of ore stage deposition.

Figure 28 gives a

generalized paragenetic sequence, showing the relative temperatures
and salinities of the fluids at each stage and the relationship to oil
generation.

Introduction of metal-bearing brines caused ore deposition, host
rock dissolution and brecciation, ore mineral remobilization, and
dolomite redeposition.

The increased temperature also resulted in the

anomalous onset of catagenesis (oil generation).

Because catagenesis

was anomalous (with respect to burial history), after ore deposition,
heat then dissipated and temperatures returned to the range expected
from a more normal geothermal gradient.
generation and migration.

This terminated oil

Subsequent biodegradation and water washing

altered the oil by cyclization, aromatization and polycondensation
(polymerization).
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The presence of bituminous material in close association with
ores of the Viburnum Trend indicates that there was sufficient organic
material in the Viburnum Trend area to support large scale bacterial
sulfate reduction during diagenesis.

The long period over which

diagenesis may have proceeded allowed considerable generation of
hydrogen sulfide by this process.

Recrystalization of the carbonate

rock accompanying this process trapped much of this sulfide and stored
it until metal-rich solutions came in contact with the rock.

The

resulting deposition of base-metal sulfides generated considerable
amounts of acid which, in turn, caused extensive dissolution of the
carbonate.

The acid dissolution of the host carbonates made room for

ore deposition, and in some cases, caused brecciation.

Many of the

specimens examined indicate that brecciation occured during ore
deposition.

The processes associated with ore genesis contributed to some of
the dolomitization in and around the Viburnum Trend.

The abundant

organic material in the "reefs” and dark shales probably led to
extensive diagenetic dolomitization.

Dissolution of the carbonate

host rock during ore genesis and subsequent precipitation of dolomite
may have also contributed significantly to dolomitization of the rocks
in the area.

The cyclic nature of the ore genesis process accounts

for at least some of the multiple generations of dolomite observed in
the district (Voss, 1984)
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The proposed model has the following implications on exploration
for other deposits in the region and in other regions.

1.

Deposits such as Magmont should only occur where there has
been a relatively high concentration of organic material
deposited in the rock, and where that material was protected
from oxidation by early onset of anaerobic conditions

2.

The target area must have undergone normal diagenesis for a
period sufficient to store a reserve of hydrogen sulfide in
the pore fluids.

Dolomitization and/or recrystallization may

be instrumental in trapping this sulfide in the pore fluids.

3.

Occurrence of bitumen or crude oil traces in the target rocks
may be a valuable clue to the proper conditions for ore
deposition.

Of particular interest are those areas for which

burial history is known to be too shallow for oil production
from normal geothermal gradients.

This indicates

introduction of hot fluids, which might have carried metals.
Through study of the bitumen or oil, it may be possible to
reconstruct the temperature and salinity history of the area,
and determine if the area has a suitable history for ore
genesls.
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M.

The above criteria may be also applied to exploration for
sandstone and arkose hosted Mississippi Valley-type deposits,
as well as to carbonate hosted deposits.

Some aspects of

diagenesis of clastic rocks are similar enough to those for
carbonates (such as bacterial sulfate reduction and carbonate
cement production) that much sulfide could also be stored in
a clastic rock during diagenesis.

Subsequent introduction of

metal-bearing fluids would trigger the same sequence of
events as in a carbonate rock.

The major difference would be

in the amount of dissolution that would occur.

A clastic

rock would likely exhibit cementation of the clastic grains
by the sulfide minerals.
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APPENDIX A

VOLUME CHANGE CALCULATIONS

One cubic meter of anhydrite (CaSO^) occupies 1x106 cm3 .

Using

a specific gravity of 2.98 (Dietrich, 1969) the weight of the
anhydrite would be:

1 .00x10^ cm 3

x

2.98 g/cm3

=

2.98x10^ g CaSOi4

The number of moles is calculated as follows:

2.98x10^ g / 136.1 *4 g/mole

=

2.19x10** moles CaSOi*

The same number of moles of calcium ion, sulfide (or bisulfide ion)
and carbonate (or bicarbonate) is liberated by complete bacterial
reduction of the anhydrite.

If all of the calcium and carbonate

combined, it would form 2.19x104 moles of calcite. The number of
grams of calcite is calculated as:

2.19x10^ moles

x

100.09 g/mole

=

2.19x10& g Ca0 0 3

This represents a volume of:

2.19x10^ g / 2.71 g/cm3

8.08x10^ cm3

1 114

or

0.808 m3

leaving 19.2 % void space.

The reaction of base-metals in solution with dissolved sulfide
yields base-metal sulfides and acid by the following formula:

HS" +• Me++

=

MeS + H+

The acid produced dissolves the host carbonate rock, creating
additional void space.

Each mole of sulfide reacted dissolves a mole

of carbonate Cone mole of calcite or one half mole of dolomite).

The

deposited base-metal sulfides then fill a portion of the void created,
but not all of it.

A certain percentage of the void created from

dissolution will remain void after the sulfides have deposited.

The

calculations for common sulfides are presented in the table IV.

Galena will fill more of the void than the other sulfides, and
marcasite will fill the least of those presented.

These calculations

shed light on the presence of large voids in carbonate hosted leadzinc deposits.

If much iron is present in the ore fluids, a large

percentage of the dissolution created void space remains unfilled by
sulfide minerals.
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Table IV. Calculations showing the percent of acid-created void
remaining in dolomite after deposition of various base-metal sulfides.

MINERAL

MOLE WT.
g/mole

Galena
Sphalerite
Pyrite
Chalco
pyrite
Marcasite

239.25
97 .*43
119.90
103.52
119.90

DENSITY
g/cm^

MOLES OF
SULFIDE

MOLAR
VOLUME
cm?

7.50
*4.00
*4.90

1 .0 0
1 .00
2 .0 0

31 .*49
23.03
11 .97

26.50
63.12

*4.20
*4.09

2 .0 0
2 .0 0

22.05
12.29

32.06
62.1*4

VOID AFTER
DOLOMITE
7.
2.11
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APPENDIX B

POSSIBLE BITUMEN STRUCTURES

In an effort to derive a theoretical structure for the bituminous
material, from the hydrogen to carbon ratio (H/C) and the average
length of alkane chains from the pyrolysis-gas chromatography (C1 5 ),
the following steps were taken.

Base structures for various possible homologous series were
drawn, and the general formula for each was determined assuming n
methyl groups attached in some way to the aromatic nucleus.

In those

cases where the alkyl group is terminal, only one alpha methyl group
is attached to the aromatic potion per link.

In the case where the

alkyl group is internal to the theoretical molecule, two alpha-methyl
groups are assumed to be attached to the aromatic portion for the
first link, and one each for each subsequent link.

Each base

structure is shown in figure 2*4, with its formula, and identified with
an alphabetic character.

That identifier is used to cross reference

figure 2*4 with table V.

In Table V., each homologous series is allowed to be cross linked
to other molecules by two, three, four, five or six links.

Under each

major column for the respective number of links, there are two minor
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Figure 2*4. Theoretical average molecules used in the calculations of
aromatic character in appendix B. The figure is continued on the next
two pages.
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A -X X ,

cr H6 + n (CHss)

B.

C„H8+ n (CH2)

a

C,
4H|2 ♦ n (CH2 )
E.

C l 4 H 9 + n ( C H 2>

C|j Hjq+ n(CH2)
F-

Ri a
Cj8 H|4 + n(CH2)

G.

C17 Hlo+n(CH2) H
Cgj H,g+n (OH2 )
J.

I.

C22Hie+n(CH2)

K.
C2 2 H|6 +n (CH2)

C2oH,3+n(CH2)

.'OQlr^OOO'
+n(CH2)
26^18

M

C2 3 H|4 **-n(CH2)
O.

C2 3 H|^n(CHj)
P.

(CH2)
Q.
C2 gH|7 **’n(CH2)

< W V " < C H 2>
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s.

^28 ^16 * n (CHg)

^27

(CHg )

^25 ^14 + n (CHg)

^24^12 +n (CHg)

w.

R

^22^11 * n (CH2 )
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T a b le V. C a lc u l a t i o n o f a ro m a tic c h a r a c t e r f o r e a ch o f th e hom ologous
s e r i e s shown in f i g u r e 2 4 .

S e rie s

Two L in k s
Arom.
n

Three L in k s
Arom.
n

Four L in k s
Arom.
n

F iv e L in k s
n
Arom.

S ix L in k s
n
Arom.

A
B
C
D
E
F
G
H
I
J
K
L
M
N
0
P
Q
R
S
T
U
V
W

6.56
12.73
13.12
18.90
18.20
19.29
23.68
24.76
25.46
25.76
25.46
31 .63
31.2 4
32.9 3
29 .15
37.41
41 .19
28 .15
40.49
41 .49
36.71
37.71
34.63

49.50
44.00
49.50
41 .80
40.99
46.00
39 .23
43.51
44.00
41 .23
44.00
4 2 .70
39.8 7
38 .53
38.08
3 9 .3 7
39.60
40.20
3 9 .1 7
3 7 .6 7
38.88
3 7 .2 2
3 7 .2 7

7 .25
13 .42
13 .81
19 .59
18 .90
19 .98
24 .37
25 .46
26 .15
26 .46
26 .15
32 .32
31 .93
33 .63
29 .85
38 .10
41 .88
28 .85
41 .19
42 .19
37 .41
38 .41
35 .32

5 0 .3 5
44.88
49.95
4 2 .5 3
41 .80
46.48
39 .9 5
44.00
44.45
41 .80
44 .4 5
4 3 .1 2
4 0 .4 0
39 .08
3 8 .7 2
39.82
40.01
4 0 .7 7
39 .6 0
38 .1 3
3 9 .3 7
3 7 .7 4
37 .8 4

7 .9 5
14.12
14.51
20.29
19.59
20.68
2 5 .0 7
2 6 .1 5
26 .85
2 7 .1 5
26.85
3 3 .0 2
32 .6 3
34 .3 2
3 0 .5 4
38 .80
4 2 .58
29 .54
41 .08
42.88
38 .1 0
3 9 .1 0
3 6 .0 2

51 .04
45.6 5
5 0 .3 5
4 3 .2 0
4 2 .5 3
46.93
40.61
44.45
44.88
4 2 .3 3
44.88
43.51
40.89
39.6 0
39.31
40.26
40.40
41 .30
40.01
3 8 .5 7
39.82
38 .24
38 .38

8.64
14.81
1 5.2 0
20.98
20.2 9
21 .37
2 5.76
26.85
2 7 .5 4
27.8 5
2 7 .5 4
33.71
3 3 .3 2
3 5 .0 2
31 .24
39.49
4 3 .2 7
30 .2 4
4 2 .58
4 3.58
38 .80
39 .8 0
36.71

51 .60
46.33
50.71
43.81
4 3 .2 0
47.34
41 .23
44.88
4 5 .2 7
42.82
4 5 .2 7
43.88
41 .36
40.09
39.8 7
40.6 7
4 0 .7 7
41 .80
40.40
39 .0 0
40.26
38 .7 2
38.88

9 .34
15.51
15.90
21 .68
20.9 8
2 2 .0 7
26.46
2 7 .5 4
28.24
28 .54
28.24
34.41
34 .0 2
35.71
31 .93
40.19
4 3.9 7
30 .9 3
4 3 .2 7
4 4 .2 7
39.49
40.49
37.41

5 2 .0 6
46.93
51 .04
44.36
43.81
4 7 .7 2
41 .80
4 5 .2 7
45.6 5
43.29
4 5.6 5
44.23
41 .80
4 0 .55
40.40
41 .06
41 .13
42.26
4 0 .7 7
39 .40
40.6 7
3 9 .1 7
3 9 .3 7

Averaee
maximum
minimum

27.68
41 .49
6.56

41 .40
49 .50
3 7 .2 2

28 .38
42 .19
7 .25

41 .97
5 0 .3 5
3 7 .7 4

2 9 .0 7
42.88
7 .9 5

42.48
51 .04
38 .24

29.76
4 3.58
8.64

42.96
51 .60
3 8 .7 2

30.46
4 4 .2 7
9 .3 4

43.41
52.0 6
3 9 .1 7

Arom.
42.44
52.06
3 7 .2 2

n
2 9 .0 7
4 4 .2 7
6 .5 6
121

122

c o lu m n s .

The f i r s t

lis t s

th e c a l c u l a t e d

t h a t w ould g iv e th e p r o p e r H /C r a t i o ,

le n g t h o f th e a l k y l g ro u p

i n th e s e c o n d c o lu m n ,

i s th e

w e ig h t p e r c e n t o f a r o m a t ic c h a r a c t e r f o r t h a t p a r t i c u l a r compound.
The l a s t t h r e e l i n e s g iv e t h e a v e r a g e , maximum and minimum v a lu e s f o r
e a c h o f th e c o lu m n s .

B elow th e t a b le i s

th e o v e r a l l a v e r a g e , maximum

and minimum f o r th e a l k y l c h a in le n g t h , and t h e p e r c e n t o f a ro m a t ic
ch a ra cte r.

Note t h a t th e ra n g e o f a r o m a t ic c h a r a c t e r f a l l s b etw een 3 7 . 2 2 and
5 2 .0 6 .

G iv e n th e n it r o g e n , s u l f u r and oxygen e le m e n t a l a n a ly s e s a s a

c ru d e i n d i c a t i o n o f t h e NSO c h a r a c t e r , t h e p o s s i b l e ra n g e o f th e
m a t e r ia l i s p lo t t e d

in f i g u r e 2 2 .

t h a t f o r 636 c ru d e o i l s

C o m p a riso n o f th e c o m p o s it io n to

(fro m T i s s o t and W e lte ,

1 9 78 ) show s t h a t t h i s

m a t e r ia l i s somewhat more a r o m a t ic th a n n e a r ly a l l o f t h e o i l s .
NSO in d e x i s

in l i n e

w it h t h a t f o r n o rm al c r u d e o i l s ,

It s

and i t a p p e a rs

t h a t t h i s may be a w a te r washed r e s id u e o f a n o rm a l c r u d e o i l .
p r o c e s s w ould p r e f e r e n t i a l l y rem ove th e l i g h t a l i p h a t i c

S u ch a

h y d ro ca rb o n s,

and w it h a t t e n d a n t a n a e r o b ic b io d e g r a d a t io n , t h e r e m a in in g m a t e r ia l
c o u ld be p o ly m e riz e d .

